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Abstract 
This paper aims to present a bio-computational model that simulates the electrical activation in the heart, mainly designed for 
people who study or work in the fields of biology, health sciences or medicine with no previous background in programming. 
The model has been created on a MATLAB environment using the principles of cellular automaton discrete models and 
Greenberg-Hastings proposal. It visualises the energy propagation on a normal and on a malfunctioning heart tissue during its 
disturbances. As a result, a computationally inexpensive model has been developed which incorporates various types of cell 
neighbourhood patterns. In conclusion, the integration of this multi-disciplinary model at the universities could be a very 
beneficial addition to medical, biological and health education. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction  
 
1.1. Computer simulations  
 
Computer simulations are used in all fields of scientific research to imitate the dynamic behaviour of real systems 
under various conditions. Modelling allows scientists to predict the unknowns without the need of actual 
experiments conducted on real life objects. [1] Forming large models of real operating systems has been done via 
mathematical models. The fields mathematical models are used are not only restricted to natural sciences (such as 
physics, biology, meteorology) and engineering (such as computer science) but also are widely used in the social 
sciences (such as economics, sociology, political sciences). [2]  
For the purposes of this paper, the mathematical models used in health sciences, biological sciences and medical 
studies, which observe the heart in particular, will be examined. The user friendly models like the one presented in 
the paper are believed to contribute considerably to the teaching environment in biology, anatomy, physiology and 
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1.2. Modelling in Health 
 
1.2.1. Why modelling?  
 
It is much more difficult and expensive for a scientist to experiment on a live body system rather than on a 
mathematical model. The advantage that models bring is that once they are proven to be theoretically and 
experimentally right, it allows making predictions by testing very low/very high certain parameter values by taking 
them to the extreme levels that is not usually possible in real life. Not only can the users of the model change the 
values of many parameters in order to observe its implications, but they can also extend the experiment in to a larger 
time scale. In terms of education, these models give more insight to students into how the body systems work, by 
acting as effective visual aids.  
In the light of previous studies, the mathematical models have been of great importance within the health 
sciences. A 2008 study that investigates the use of mathematical models to explore anatomical structures concludes 
that it permits a better understanding of relationships of the anatomical structures and eases the learning process. [3] 
Mathematical models and simulations can be used in different areas of health sciences – ranging from anatomical 
structures to diet models, from eye movement to neural function. For the purposes of this study, the emphasis will be 
placed on the modelling of the heart (cardiac modelling).  
 
1.2.2. Cardiac modelling 
 
Cardiovascular modelling has been a major research subject for the last decade. Different cardiac models have 
been developed at a cellular level as well as at the whole organ level. [4] 
The functioning of the heart depends on the proper electrical activation of the heart cells. Any dysfunctions in the 
propagation and in the conduction of the electrical activity could result in various important, and sometimes fatal, 
heart diseases, also known as arrhythmia.  
The cardiac models created in the past show clearly that the mechanisms behind these cardiac diseases are 
observed and understood more clearly, and also that various experiments can be conducted on these models to 
experiment with the factors which in the first place have caused these mechanisms to malfunction.  
One of the most cited 2-dimensional cardiac models has been of G.Moe et al. [5] in the 1960s in which a 
dominating hypothesis has been created about what mechanism leads to fibrillation - a type of arrhythmia which 





Figure 1. A 2-dimensional simulation which visualises the model presented in Moe’s study [6] 
 
Barbosa presented a new cellular automata model in 2003 that incorporates rectangular cardiac cells (because real 
heart cells are not square shaped) in a ten-neighbourhood pattern with conduction anisotropy (different properties in 
different directions). [7] His model has been simplified in terms of numerical algorithms, and making the code file 
relatively more compact and simpler compared to other models. This model managed to demonstrate the energy 
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propagation in a specified tissue of heart and has been tested against the real values (quantitative validation)  
obtained by more complicated differential equations which consequently showed us that the simulations obtained by 
Barbosa’s model are of a realistic nature. 
These cardiac models have been created by taking one of the cell structures in the heart as the basis: Moore, 
Extended Moore, Brickwall or Hexagonal. Different studies have been observed to incorporate different 
neighbourhood patterns. Different structures bring different neighbourhood rules, therefore different propagation of 







Figure 2. Cell pattern types used in the CA model. From left to right: Moore neighbourhood, Hexagonal grid, Extended Moore neighbourhood 
and Brickwall pattern. The grey cells represent the neighbours of the centre (red) cell. 
 
 




The main aim of this paper is to present a 2-dimensional model of cellular automaton (CA) [8] to simulate the 
electrical activation in the heart at every heart beat on a normal, and on a malfunctioning heart tissue in the event of 
abnormal heart rhythms. 
A spatially homogeneous isotropic cardiac tissue has been taken as the basis. A homogeneous (uniform) medium 
is where the physical properties of the medium are unchanged at different points, and isotropy can be defined as the 
equal distribution in all directions. The model aims to show observable differences between the electrical activity 
during heart’s healthy rhythm and during its disturbance, more specifically during ventricular fibrillation caused as 
a result of electrical activation dysfunctions at the ventricles section of the heart. The model will be used as a tool to 
observe how the energy abnormality even in relatively small number of cells can cause a bigger change by 
triggering the abnormal activity of other cells. 
In this model, a new cellular automaton is presented that incorporates 4 types of cell arrangements of which the 
user can select either to see the different formations occurring due to the change in neighbourhood rules. The user 
will be able to change the properties of the cells, define the size of the tissue, activate specific cells and have the 
chance to watch the same simulation as many times as they need. At the end of the simulation, various quantitative 
data will be given in the form of graphs. 
 
2.2. Why this model? 
 
The model has been mainly designed for people studying or working in the fields of biological sciences, health 
sciences or medicine, in order to create more interesting teaching and learning environments. The model requires no 
previous skills in programming as the program directs questions to the user before the simulation starts.  
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A thorough literature review can easily show us that almost all cardiac models/simulations that observe the same 
energy activities like this study, are designed with specialist users in mind. People with no technical background 
would have many difficulties using this software since a user manual is not provided and that the user cannot change 
the parameters of the program without dealing with the code file itself. Most models in the field of cardiology are 
designed to contribute to the solutions to some mechanisms and the reasons behind it, rather than for the educational 
purposes at the universities.  
The study mainly aims to encourage the use of this software by non-specialist people with no previous computing 
background, but a background in health sciences, medicine or biology. Therefore a user manual has been created 
which includes step-by-step instructions on how to use the software and give these people an opportunity to change 
the specified variables easily without any need to deal with the code file itself. Several questions are directed to the 




A cellular automaton (CA) model is a discrete model which employs the properties of a finite state machine. It 
consists of a set of rules and a group of cells; in a 1-dimensional CA model there is a row of cells and in a 2-
dimensional CA model the cells are in a grid. Cells in a CA are in one of the finite states. CA models are 
mathematical models with discrete state, time and space variables at low computational cost and are defined by 
simple evolution rules [9]. To illustrate, a 3-state automaton have cells of state 1, 2 or 3. These numbers can be 
shown in forms of colours e.g. black to match state 1, white to match state 2, etc. 
Rules of a cellular automaton define how states change. Simple rules can produce very complicated patterns. 
Each cell should have a next state as well as its current state. When it is the time for a cell to change its state, that 
cell looks around to gather information of the states of its neighbours. The next state of the cell is based on (1)its 
current state, (2)its neighbours’ states, and (3)the rules of that cellular automaton.  As a result, all cells in the model 
change states simultaneously.  
The implementation of CA is relatively simpler compared to conventional approaches like continuous bidomain 
models [10]. CA models are very practical in the observation of wave patterns like in this model presented. CA 
models provide compact coding considering ionic currents are not to be measured via differential equations as in the 
bidomain models.   
The proposal used in this study is called the Greenberg-Hastings proposal [11]. It was introduced in 1978 as a 
cellular automaton model of excitable media. According to this, in a 2-dimensional square grid the cells are either in 
one of these discrete states: 
- Excited/Active ,  
- Refractory   or   
- Rest 
 
4 types of cell structure have been used in this model [as discussed in Introduction] and the user is free to select 
either of these. Different geometries of the cells can lead to different shape formations when demonstrating the 
electrical propagation in the heart tissue. Greenberg-Hastings proposal was again used as the basis to determine the 
geometries and the neighbourhood rules for these 4 different grid structures.  The different states have been given 
distinct colours to distinguish the nature of the cell, ie red for excited, blue for refractory and white for the rest. 
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Figure 3. The figure shows the simulations produced in all 4 types of grid structures including Moore, Extended Moore, Hexagonal 
and Brickwall structures. Different colours represent different states of heart cells. Red: active; Blue: refractory; Black: rest. 
 
In order to implement and run this model, MATLAB has been used as a programming tool. MATLAB is a 
powerful environment for numerical computation and is known as the language of technical programming. [12] It 
can be used for the purposes of data analysis, modelling and simulations, algorithm and programming development. 
Since CA model implementation will include dealing with several arrays at once, coping with those arrays and 
calling functions can be achieved relatively more easily on MATLAB than other programming languages. It offers 
interactive programming and the code is interpreted rather than compiled which makes the debugging process easier. 
 
2.4. The structure of the code  
 
The program consists of one main function and three sub-functions that deal with the different grid arrangements. 
The main function deals with all the mathematical calculations, inputs, plotting, the creation of picture and movie 
files, activation of cells, creating a text file of inputs, creating a folder in the current directory.  
It encloses three sub-functions which deal with the grid arrangements. When the user inputs their preference 
between Moore, Extended Moore, Brick-wall or Hexagonal patterns, these sub-functions decide where the 
neighbours of each cell on the grid would be. The hexagonal and the brick-wall patterns share the same kind of 
neighbour allocation (except their geometrical differences), so one function is enough to deal with both.   













Figure 4. The layout of neighbours in a Moore neighbourhood, including the ones at the edges of the grid 
 
A cell is always at the rest state to start with. The rest state is denoted with number 0 (zero). The number 
associated to a cell at an active state is 1 (one). Depending on the length of the activation period this number will 
increase in +1 increments until it reaches the number specified for the activation period. After reaching the 
activation period, the cell will move on to its refractory state. The refractory state starts from a negative value which 
the length of the refractory period times -1 (negative one). At each time-step this negative number increases by +1 
until it reaches back to zero (rest state). 
 
 
Figure 5. The representation of states on a number line 
 




Figure 6. A grid of 30x30 cells showing the indices and arrangement of cells 
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3. Conclusion 
 
Nowadays, computer modelling and simulations have become more attractive to researchers than ever before. As 
the computation ability of computers becomes more and more powerful, computer modelling and simulation 
technologies are making it possible to study the biological system of humans as a whole. [13] 
A new bio-computational model has been presented which incorporates 4 types of cell arrangements. The user is 
able to change the properties of the cells, define the size of the tissue, and see the normal and/or abnormal electrical 
activity in the heart. As compared with its peers, this software offers more cell arrangements than other models 
designed in the past, which gives the chance to users to examine different patterns of electrical activity at heart.  
The main group that this study has focused on are the non-specialist people with no background in programming, 
therefore the program directs questions to the user rather than the user modifying the code file to change parameters. 
The user can experiment on the model for unlimited times. A small video file is also saved on user’s computer 
which replays the same simulation on demand. The other cardiac models in literature seem to offer no such features. 
Recently, the use of models like the one presented in this paper is not common at the faculties of health sciences, 
biological sciences or medicine at most universities. Although no student surveys have been done yet, this software 
is likely to contribute considerably to the teaching environment in biology, anatomy, physiology and cardiology 
classes at the universities.  After the examination of various other peers of this software, it is believed that the 
integration of this innovative visual model in the current system could be a beneficial addition to education. 
 
4. Further Work 
 
An empirical study could be prepared in order to examine the attitudes/perceptions of students who have been 
taught using this software, and to measure the changes in their academic performance. These survey results could 
shed light on how the future modelling software should be designed and which features are more effective in 
teaching. 
A more interactive GUI can be created in the future versions of the software, and it can be turned into an 
executable stand-alone application. To use the current version, owning a licensed or a trial copy of MATLAB is 
required.  
In the future versions, the model could be expanded, by the addition of new parameters, to be applied on different 
body systems. It is therefore very flexible to be used in different classes. Adding a third dimension would bring 
difficulties along but is still achievable and is believed to be more effective if the students could see the visualisation 




1. K. Thomaseth, Software tools for modeling biomedical systems. Sourcebook of Models for Biomedical Research (2008) No:7 pp.747-752. 
2. Wikipedia, the free encyclopaedia. Mathematical model. Last accessed on 20/07/2011, from http://en.wikipedia.org/wiki/Mathematical_model 
3. P. Vázquez et al., An interactive 3D framework for anatomical education. International Journal of Computer Assisted Radiology and Surgery 
(2008) No:3(6) pp.511-524. 
4. A. Defontaine et al., Multi-formalism modelling and simulation: application to cardiac modelling. Acta Biotheor (2004) No:52(4) pp.273-90. 
5. G. Moe et al., A computer model of atrial fibrillation. American Heart Journal (1964) No:67(2) pp.200-220. 
6. Wolfram MathWorld. Model of atrial fibrillation/flutter. Last accessed on 20/07/2011, from 
http://www.mathworks.com/matlabcentral/fileexchange/19855-model-of-atrial-fibrillationflutter  
7. C. R. H. Barbosa, Simulation of a plane wavefront propagating in cardiac tissue using a cellular automaton model. Phys. Med. Biol. (2003) 
No:48 pp.4151-4164. 
8. Wolfram MathWorld.  Cellular automaton. Last accessed on 20/07/2011, from http://mathworld.wolfram.com/CellularAutomaton.html 
9. A. Nishiyama et al., An isotropic cellular automaton for excitable media. Physica A (2007) No:387(13) pp.3129–3136. 
10. Scholarpedia. Bidomain model. Last accessed on 20/07/2011, from http://www.scholarpedia.org/article/Bidomain_model 
11. J. M. Greenberg et al., Pattern formation and periodic structures in systems modeled by reaction-diffusion equations. AMS (1978) No:84(6). 
12. Wolfram MathWorld. MATLAB. Last accessed on 20/07/2011, from http://www.mathworks.com/products/matlab/ 
13.Farajollahi, M., & Moenikia, M. (2011). The effect of computer-based learning on distance learners self regulated learning strategies. World  
Journal on Educational Technology, 3(1), 28-38. 
14. D. Wei, Whole heart modeling and computer simulation. Modeling and Imaging of Bioelectrical Activity (2005) pp.81-117. 
